Abstract As the population of breast cancer survivors grows, it has become evident that chemotherapy has significant cardiotoxic side effects. Echocardiography is a noninvasive, cost-effective, and widely available imaging tool that is well positioned to serve as a primary modality for monitoring chemotherapy-induced cardiotoxicity. Although left ventricular ejection fraction is a standard measurement by which to monitor chemotherapy-induced cardiotoxicity, its predictive value in identifying subsequent cardiotoxicity is limited. More sophisticated echocardiography modalities may offer improved sensitivity and specificity for detecting chemotherapy-induced cardiotoxicity. These include tissue Doppler imaging measures, newer techniques based upon two-and threedimensional strain and torsion analysis, and threedimensional measures of cardiac size. While these modalities are not all currently part of clinical practice, a body of data supporting their use is steadily building. More research remains to be performed, and noninvasively detecting cancer therapy-induced cardiac dysfunction at the earliest stages is of increasing interest.
Introduction
Due to advances in screening and treatment strategies, the population of breast cancer survivors in the US has steadily grown over the last three decades. Overall 5-year survival improved from 63 % in the 1960s to 90 % in 2012, and recent data indicate that there are 2.9 million women living in the US with a history of invasive breast cancer [1] . As a result, there is a growing prevalence of cancer therapy side effects, notably cardiovascular toxicity.
Doxorubicin and trastuzumab are commonly used therapies for breast cancer that have been widely recognized as contributors to asymptomatic and symptomatic declines in left ventricular ejection fraction (LVEF), cardiomyopathy, and heart failure (HF) [2] . Anthracycline-mediated cardiomyopathy is characterized by a dose-dependent decrease in left ventricular (LV) systolic function mediated at least in part by reactive oxygen species (ROS) that is often irreversible [3, 4] . Trastuzumab-related cardiotoxicity also can present with a decrease in LVEF but, in contrast to anthracycline cardiotoxicity, is dose independent and commonly reversible with discontinuation of treatment and initiation of cardiac medications. As monotherapy, anthracyclines have been associated with a 5-10 % incidence of cardiomyopathy or HF [5] [6] [7] . The risk of cardiomyopathy and HF with trastuzumab monotherapy has been estimated at 3-12 % [7, 8] . Patients receiving concurrent anthracycline and trastuzumab therapy are at the highest risk of cardiotoxicity, with a reported 42 % incidence of cardiomyopathy and HF in retrospective analyses of large databases [2, 7] .
Because of the substantial cardiovascular toxicity of these treatment regimens, there is significant clinical interest in early detection of cardiac dysfunction. In theory, this could allow for the modification of dosing and administration schedules, alteration of chemotherapeutic drug combinations, or addition of prophylactic cardioprotective therapy to mitigate myocardial damage. For this purpose, the American Heart Association recommends close monitoring of cardiac function while receiving cardiotoxic chemotherapy. However, the methods and thresholds that should be used to define cardiac dysfunction remain unspecified [9] .
Echocardiography is a noninvasive, cost-effective, and widely available cardiac imaging tool that is well positioned to serve as the primary screening modality for chemotherapyinduced cardiotoxicity. While LVEF is currently the most widely used index to quantify cardiac function in cardio-oncology, there are a number of emerging indices such as Doppler-derived indices, speckle-tracking-derived measures of strain and strain rate, and three-dimensional echocardiography-derived parameters of myocardial motion that may offer additional sensitivity and prognostic value (Table 1) .
Left Ventricular Ejection Fraction
LVEF is a widely used measure that is indicative of cardiac systolic function and predictive of clinical outcomes in patients with systolic HF [10] . In the chemotherapy cardiotoxicity literature, a change in LVEF is commonly used to diagnose cardiotoxicity, although various studies have used different thresholds to define a clinically significant decline [11] . For example, the diagnostic criteria for cardiac dysfunction as defined by the Cardiac Review and Evaluation Committee (CREC) have been used by many and are defined as: (1) cardiomyopathy characterized by a global decrease in LVEF, (2) signs or symptoms of HF, or (3) decline in LVEF of at least 5 % to less than 55 % with signs or symptoms of HF or decline in LVEF of at least 10 % to less than 55 % without signs or symptoms of HF [8] . In contrast, the HERA study used a decline in LVEF of greater than or equal to 10 % to less than 50 % [12, 13] . Others have also evaluated absolute quantitative change in LVEF over time [14] .
Although pre-treatment LVEF has been shown to be associated with subsequent development of HF symptoms, the optimal threshold for prediction remains unclear. In a study of 120 women undergoing epirubicin therapy, baseline LVEF derived from multi-gated acquisition scans (MUGA) was significantly lower among patients who later developed symptomatic HF (median 53 % versus median 61 %), but it is important to note that these LVEF values were still well within the normal range [15] . Furthermore, there was no clear association between changes in LVEF during treatment and the subsequent development of HF. In a larger study of 1,664 patients undergoing sequential doxorubicin and trastuzumab therapy, both pre-doxorubicin and pre-trastuzumab LVEF, again defined by MUGA, were associated with subsequent development of New York Heart Association (NYHA) class III or IV HF in univariate models. Patients with a borderline normal LVEF of 50-54 % had a greater incidence of HF compared to those with an LVEF of 55-64 % or ≥65 % [16] . However, subsequent HF was still observed in patients who had a baseline normal LVEF. The HERA study also demonstrated that an LVEF of 55-60 % was associated with cardiac events, compared to patients with an LVEF ≥60 %, and similarly for an LVEF of 60-65 % compared to an LVEF 
The robustness of these cutpoints-still well within the normal range for LVEF-along with their sensitivity, specificity, and positive and negative predictive value remain unknown. In another smaller prospective study of patients receiving doxorubicin followed by trastuzumab, post-anthracycline LVEF was not associated with risk of subsequent cardiotoxicity [18•] . Finally, it is clear that LVEF is not a sensitive method to detect histological evidence of cardiomyocyte damage [19] . Overall, the accuracy of LVEF is limited by the image quality, the loading conditions, the presence of regional wall motion abnormalities, and the assumptions inherent in its estimation [20, 21] . In both systolic and diastolic HF, LVEF has demonstrated limited prognostic value in the low-normal range or higher [22] and is viewed as an insensitive marker for functional LV impairment, as myocardial compensatory mechanisms allow for adequate ventricular output even in the presence of cardiomyocyte dysfunction [23, 24] .
From a technical standpoint, contrast echocardiography and three-dimensional (3D) echocardiography may improve the acquisition and measurement of traditional LVEF. Contrast echocardiography enhances visualization of the endocardial border, thereby enabling LVEF measurements from previously nondiagnostic studies and reducing intra-observer and inter-observer variability of LVEF measurements, even in studies with optimal image quality [25, 26] . 3D echocardiography has been shown to be more accurate than twodimensional (2D) echocardiography for the measurement of ventricular volume and LVEF [27, 28] . In fact, Jenkins et al. suggest that contrast-enhanced 2D echocardiography and noncontrast-enhanced 3D echocardiography have similar accuracy for LVEF when compared with cardiac MRI [28] . Specifically, in patients receiving anthracyclines and trastuzumab, 3D echocardiography appears to be more reproducible than both 2D and contrast-enhanced 2D echocardiography for serial examinations [29] . However, Hare et al. failed to show a change in LVEF with trastuzumab therapy on 2D or 3D echocardiography [30] . Additional studies with clinically relevant endpoints are needed to determine the incremental value of contrast echocardiography and 3D echocardiography for the prediction of cardiotoxicity after chemotherapy.
Doppler-Derived Measures
Tissue Doppler imaging (TDI) uses Doppler echocardiography to measure the velocity of myocardial tissue, allowing for quantitative and reproducible assessment of global and regional cardiac function. Commonly measured TDI indices include peak systolic myocardial velocity (Sm), peak systolic mitral annular velocity (Sa), peak early diastolic myocardial velocity (Em), and peak early mitral annular diastolic velocity (Ea) (Fig. 1) . Many studies have demonstrated impairments in peak systolic or diastolic velocities despite normal LVEF, not only in HF with preserved EF [31] , but also in diabetic patients without overt HF [32] . Both systolic and diastolic tissue velocities have been shown to be strong predictors of outcome in several conditions including systolic HF, valvular heart disease, and LV hypertrophy [33] [34] [35] . In these populations, peak early diastolic velocity appears to be the strongest predictor of outcomes [35] [36] [37] .
Among patients treated with anthracyclines and trastuzumab, TDI measurements appear to be sensitive indicators of LV dysfunction. In cross-sectional analysis, Ho et al. showed that peak systolic velocity and early diastolic annular velocity were significantly lower in patients receiving anthracyclines as compared with chemotherapy-naïve controls as well as in trastuzumabtreated patients as compared with trastuzumab-naïve patients, despite the absence of significant changes in LVEF with anthracycline or trastuzumab therapy [38] . A small study of 20 patients receiving anthracycline therapy showed a significant change in peak early diastolic velocity within 1 to 3 months of chemotherapy, whereas changes in peak systolic velocity and LVEF were not detected until 3 years after cessation of chemotherapy [39] .
TDI parameters may also be predictors of outcome in some high-risk patients treated by anthracyclines and trastuzumab. Fallah-Rad et al. prospectively followed 42 women undergoing adjuvant trastuzumab therapy, of which a high percentage (24 %) developed echocardiographic and clinical symptoms of LV dysfunction [40] . Three months after receiving trastuzumab, there was a significant decrease in peak systolic annular velocity in all ten patients that later developed HF, with no false positives in the patients who did not develop HF. In comparison, differences in LVEF were not detected until 6 months after receiving trastuzumab. Interestingly, there were no differences in peak early diastolic annular velocity or late diastolic velocity between the normal and HF patients at any time point.
There are important limitations to the use of TDI technology. As with all Doppler techniques, TDI measures only the vector of motion that is parallel to the direction of the ultrasound beam, resulting in significant angle dependence and signal noise in the data obtained. In addition, TDI measures absolute tissue motion and is unable to distinguish between passive motion (related to translation or tethering) and active motion (fiber shortening or lengthening). Finally, ensuring reproducibility of TDI data is challenging, as small shifts in sample regions can yield significant differences in measurements.
The Tei index is a Doppler-derived parameter proposed by Tei et al. in 1995 that is considered to be a global index of cardiac function as it includes elements of diastolic and systolic function [41] . It is defined as the sum of isovolumetric contraction and relaxation time divided by the ejection time, and has been shown to correlate well with other invasive and noninvasive measures of LV function [42] . It is a sensitive indicator of overall cardiac dysfunction in a variety of disease states [41, 43, 44] , and has also demonstrated prognostic significance in dilated cardiomyopathy, primary pulmonary hypertension, and amyloid cardiomyopathy [45, 46] .
In the setting of anthracycline use, the Tei index does appear to correlate with impaired cardiac function. In 67 patients receiving doxorubicin therapy, Belham et al. showed that an increase in Tei index, suggestive of worsening systolic and diastolic function, occurred earlier than changes in LVEF and peak systolic and diastolic velocities [47] . In a separate population of 100 patients receiving anthracyclines, 17.7 % had a significant decline in LVEF whereas 78.8 % had a significant increase in Tei index; moreover, the change in Tei index was detected just 1 month after receiving chemotherapy [48] . However, it remains unclear whether impairment in Tei index is also associated with worse clinical outcomes. Additional evaluation with clinically relevant endpoints is required in order to determine the clinical utility and prognostic significance of the Tei index in this population.
Strain and Torsion
While LV systolic function has been classically assessed by LVEF, as measured by 2D echo, this modality is limited by high inter-observer variability, dependence on loading conditions, and tethering of wall segments. This final factor is particularly important, as it can hinder the identification of subtle regional variations LV function and contractility. This problem is addressed by methods that can quantify intrinsic myocardial deformation, such as strain. Strain is a mechanical property of any material, defined as the distance a material deforms relative to its length at rest. Initially, myocardial strain rate (and its integral over a cardiac cycle, strain) was measured with TDI, by comparing the velocities of adjacent areas of myocardium divided by the distance between these areas during the cardiac cycle [49] . However, this method suffers from the same limitations that all Doppler-derived measurements suffer from, namely, angle dependence and aliasing [50] . A newer technology, speckle tracking, identifies unique echocardiographic signals (speckles) corresponding to a specific location along the myocardium, and tracks hundreds of pairs of these speckles during the cardiac cycle to measure the distance between them and calculate the strain in various parts of the myocardium [51] . Strain echocardiography has been used to predict outcomes after acute MI [52] [53] [54] , infiltrative cardiomyopathy, and clinical outcomes in systolic HF [55] [56] [57] [58] .
After its development, strain analysis quickly provided utility in identifying chemotherapy-induced cardiotoxicity earlier than conventional echocardiographic methods. Early murine data showed that TDI-based strain rate imaging could detect decreases in contractility 1 day after a dose of doxorubicin, while decreases in LVEF and fractional shortening were not evident until day 5 [59] . An early human study showed that reductions in strain rate could be detected with cumulative doses of anthracycline as low as 200 mg/m 2 and that these changes corresponded to increases in levels of ROS, the purported mechanism of anthracycline-induced cardiotoxicity [60] . LVEF and measures of diastolic function have been measured after similar doses and have been found to be unchanged [60, 61] . Similar results documenting early decreases in strain following chemotherapy have been reported when analyzing data from patients treated with anthracyclines and trastuzumab in patients with breast cancer [38, 62] and in patients with other malignancies treated with anthracyclines alone [63, 64] .
Strain echocardiography has also been shown to predict subsequent consequences of anthracycline chemotherapy. In the murine study of Neilan et al., early changes in strain rate predicted later mortality when doxorubicin was administered for 5 weeks [59] . In several studies of patients with breast cancer treated with anthracyclines with or without trastuzumab, decreases in longitudinal strain detectable at 3-6 months of therapy predicted identification of subsequent cardiotoxicity [65, 66•] . Unfortunately, studies following patients for longer periods of time after chemotherapy have not yet been published, so the natural history of strain abnormalities in chemotherapy-induced cardiotoxicity are unknown.
In addition to measuring linear deformation in multiple dimensions, speckle-tracking imaging can also track rotational movement of myocardium. From this, one can derive torsion, or the difference in twisting angle between the base and apex, and torsion velocity, or the rate of twisting. In 25 adult patients receiving anthracyclines, both torsion and torsion velocity were significantly decreased 1 month after starting chemotherapy, while LVEF and Doppler-derived parameters, including the Tei index, were unchanged [67] . Limited data suggest that these decreases in torsion may persist. A recent casecontrol study analyzed 36 children treated with anthracyclines and compared them to 20 healthy controls. Cases were analyzed a median of 7 years after completion of chemotherapy and showed significant reductions in torsion and torsion velocity relative to controls [68] . In this study, however, patients also had significantly reduced LVEF relative to controls. Patients were not studied immediately after completion of chemotherapy, so the ability of torsion and torsion velocity to predict later decreases in LVEF was not able to be assessed.
While strain echocardiography represents a promising advance in detecting chemotherapy-induced cardiotoxicity, it has important limitations. First, analysis software requires high-quality images in order to track each myocardial segment accurately, which may be difficult to obtain in all patients. Second, the reproducibility of measurements needs to be improved. Both intra-and inter-observer variability have been noted to be high, especially for circumferential and radial strain measurements, whereas longitudinal strain has been noted to be most reproducible [69, 70] . Variability has also been observed when comparing different analysis software packages, most likely due to the use of unique algorithms for calculating strain [71] . Third, as with any derived or calculated measurement, it is important to ensure that the results actually represent physiologic phenomena. The arrangement of myocardial fibers is complex, with longitudinal, circumferential, and obliquely oriented fibers, and how the individual strain components represent the independent function of these muscle fibers remains unknown [72, 73] . Additionally, if myocardial fibers are assumed to be incompressible, longitudinal or circumferential fiber shortening will invariably result in fiber thickening, which will in turn result in wall thickening. As a result, while this wall thickening will be measured as radial strain, it may not represent intrinsic radial systolic function of the myocardium. Indeed, more recent studies have begun to limit reporting of radial strain, focusing more on longitudinal and circumferential strain [74] . Finally, long-term data using strain, as well as verification of these findings in multiple patient cohort studies with definition of optimal cutpoints, are lacking. Further research with validation in large cohort studies is necessary before strain echocardiography can be relied upon to diagnose and monitor chemotherapy-induced cardiotoxicity.
Future Directions
There are a number of additional methods to identify chemotherapy-induced cardiotoxicity currently being investigated. Each method described below attempts to improve upon or overcome limitations of existing methods, but only limited data exist describing their utility.
It may be possible to increase the sensitivity of detecting chemotherapy-induced cardiotoxicity by combining strain echocardiography with the measurement of circulating biomarkers. Both strain and serum troponin I measurements may be abnormal early in the course of anthracycline chemotherapy, and both are predictive of development of future cardiotoxicity [65] . Furthermore, the combination of longitudinal strain <−19 % and troponin I >30 pg/mL increased the positive predictive value to 67 % from 53 % when considering longitudinal strain alone. The absence of either abnormality had a 91 % negative predictive value [18•] . Similar increases in sensitivity and specificity have been obtained using troponin T in combination with longitudinal strain [75] . However, it is not clear that the optimal combination of measurements has been established, and the clinical significance of this strategy has not yet been determined.
Recently, 3D strain echocardiography has been developed as a way to further increase the sensitivity for detection of chemotherapy-induced cardiotoxicity. Major advantages of this method are its ability to track myocardial deformation in multiple dimensions simultaneously and its ability to quantify LV torsion. While there have been little data published using this technique, early work is promising. For example, in one study comparing 53 children treated with anthracyclines to 38 healthy controls, using 3D strain parameters to characterize global LV performance had greater than 80 % sensitivity an specificity in separating the groups [76] . In a study of 50 adults treated with anthracyclines, global area strain, a measure of the fractional reduction in LV endocardial area during systole, was independently associated with the total cumulative doxorubicin dose in patients with preserved ejection fraction after chemotherapy [77] . Clearly, more studies and larger studies are needed to validate these findings.
Another area of investigation involves the right ventricle (RV). While the vast majority of studies focus on LV systolic function, RV function can also be impaired. One such study assessed RV performance in patients with breast cancer after receiving 3 cycles of anthracycline chemotherapy. Their results show that while LVEF, LVend diastolic diameter, and LV end systolic diameter were unchanged, RV fractional area change, tricuspid annular plane systolic excursion, and Doppler measurements of RV diastolic function were all significantly decreased with anthracycline chemotherapy and that the effect increased with the number of chemotherapy cycles received [78] . Another study followed patients for 12 months after chemotherapy and found that one third of their patients developed RV dysfunction, defined as a depressed RVEF seen on cardiac MRI [79] . As these results have not yet been replicated by echocardiography, it remains to be seen whether echocardiography is a viable modality to follow RV function in these patients.
Conclusion
Given the increased survival rates of patients with breast cancer, long-term cardiovascular care is becoming increasingly important. In the case of cancer therapy-induced cardiotoxicity, both identifying affected patients early and monitoring their response to therapy may have important clinical implications. Reproducible and broadly accessible imaging modalities such as echocardiography will likely have an important role in clinical practice and the care of these patients. Additional research is critical to conclusively define the value of both conventional and novel parameters, such as Doppler-derived measures and 2D and 3D strain echocardiography, in the identification and prediction of cancer therapyinduced cardiotoxicity.
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